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Description 

NETWORKED SILICA FO R ENHANCING TENSI LE 
STRENGTH OF RUBBER COMPOUND 



[i] 

[2] 



Technical Field 

The present invention reMes to three-dimensionMly networked silica with bridge 
chains composing of carbon, hydrogen, oxygen, sulfur and nitrogen atoms among 
primary particles of silica, which can reinforce effectively rubber compounds suifable 

„fpr„toeiranufxturmg_of^ 

invention relates to networked silica combining silica particles with chemical bonds of 

-niethyleiie,-erher, ester-and peptide groups^ 



steps: at the first step silica particles react with alkoxy sikne molecules having 
functional groups such as amines, amides, imines, chloride, glycidyl or carboxylic 
group, and at the second step the condensation reactions between above-mentioned 
functional groups yield bridge chains anong silica particles. Two or three alkoxy 
groups of alkoxy silane molecules react with superficial sifanol groups of silica. The 
renaming functional groups of alkoxy silane bonded to silica particles react with other 
functional groups of alkoxy silane bonded to other silica particles, forming bridge 
chains among them. A good example of bridge chain is aminoglycidyke bonds 
formed between glycidyl and amine groups. Several other combinations for the 
formation of bridge chains are possible: amine and chloride groups, glycidyl and 
chloride groups, and amine and ca rboxylic groups 



[3] Three dimensionally connected bridge chains among silica particles form a 

networked structure of silica and provide strong retention for the rupture of rubber 
compounds when they are dispersed in rubber molecules, resulting in high tensile 
strengths and toughness at high strain by interlocking and enianglement. The 
networked silica works as a highly effective reinforcing material with additional 
d\arrtagersucirarfeghTmscroiUry-wi molecules, reducingllie required an 

amount of the coupling agents and suppression an motivation of the additives by 
masking of adsorption sites of silica surface. 

[4] 

Background Art 

[5] Rubber compounds have a unique property suffering a high deformation under a 

given stress and recovering their own shapes when the stress is released. Their elastic 



SUBSTITUTE SHEET (RULE 26) 



BEST AVAILABLE COPY 



r 



WO 2004/078835 " PCT/KR2004/000106 



property of rubber compounds makes it possible to be applied them to various products 
such as tires, conveyers, belts, and shoes. The shock-Asorbing function of rubber 
compounds causes an increase in their application to construction materials to enhance 
the safety of huge buildings from vibration, especially for earthquake-proof. 

[6] The ehstic property of rubber compounds resisting to a huge impact is caused by 

the energy absorbing ability of crosslinked rubber skeletal formed during cure. A high 
crosslinking density of rubber molecules brings about a high tensile strength, denoting 
the m a x imu m force required to break rubber compounds under stress. Hie elongated 
ratio of a rubber compound at the breakpoint is usually called as 'elongation at break*. 
_ Sfoctt a~high crosslinking density "of a" rubber compound usuallygives a Siglftensile 

strength and low elongation at break, its crosslinking density is carefully controlled to 
""obtain a sulM3Ieelastic property for its application objectives. Although the 
crosslinking density of rubber compounds is an important factor determining their 
tensile strength, there is a strict limit of crosslinking density because too high 
crosslinking density causes brittleness, losing their elasticity. Therefore, several types 
of fillers have been employed for rubber compounds to enhance their tensile strength, 
but not to increase their modulus to prevent becoming rigid. Carbon black is a typical 
reinforcing material for rubber compounds used in tire nmufxturing. The usual black 
color of tires is due to carbon black added for reinforcing. 

[7] Recently, the amount of silica added to rubber compounds as a reinforcing material 

increases drast i c al ly bec a use nf e n v i ro nmen ta l c o nsideration. -S ilica has been widely 

used in tire manufacturing to enhance the tensile strength of rubber compounds. A 
sigiiificWincTeas^in 

mechanical stability. A low rolling resistance of the rubber compounds reinforced with 
silica lowers fuel consumption of tires, enhancing mileage of cars. Furthermore, the re- 
placement of carbon black by silica in the rubber compounds of tires prevents air 
pollution, because of low emission of carbon dioxide due to the enhancement of 

mileage. The environmentally benign characteristics of silica lead its dosing level in 

tires up now to 70-80 phr. 
[8] Although carbon black is an effective reinforcing material for rubber compounds, it 

cannot enhance both their rolling resistance and traction property simultaneously. 
These properties of tread compounds are very important for the perforrmnce of tire in 
the terms of steering wheel and brake operation. The better traction property of rubber 
compounds is expectable with increasing the content of carbon black, the worse their 
rolling resistance on ground is indispensable. The addition of silica as a reinforcing 
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material to rubber compounds, however, overcomes this difficulty: the both im- 
provements of rolling resistance and adherence on even we, ground aud snow.overed 
ground are achieved. Such improvements with silica reinforcing cause a signified 
tncrease in silica content of tire, especially on tread rubber compounds. In Edition to 
these advantages of silica as a reinforcing material, silica ndces it possible to 
mtroduce color to rubber compounds. Various colored rubber compounds reinforced 
wuh sdica nave been sold with high prices compared to b fck rubber compounds 
reinforced with carbon btck. 



[10] 



[11] 



Silica has many advantages as a reinforcing material as described *ove. but the 

Althnnoh th* immi^ik.'i:^. i .... 



_ r^7 — rT T — ; * ^ lis iow aispersi 

Although the uaunrscibilicy of inorganic silica particles in organic rubber molecules 
causes the use of the mixture olcarboraJakWsi^^ 



sdica reinforced rubber compounds drive the increase in its content in said rubber 
compounds. In order to rnaximze tensile strength of rubber compounds by silica 
addmg, its particles should be individually dispersed in rubber compounds to entangle 
with crosslinks chains of rubber molecules and to contet closely with rubber 
molecules for a strong sanction. On the contrary, silica particles are not easUy 
miscible with rubber molecules because of their hydrophobic!* . Moreover farge 
molecular ske. high molecular weight and low fluidity of rubber molecules prevent to 
acmeve high dispersion of silica. The increase in mixing time of rubber compounds 
therefore, is inevisbl e when silica is added to rubber compound as reinforcing finer! 
W^n; dieir elasticity and economic feasibility. ' 

The modification of the surface of silica particies.by-organic-sibne-induces a-con^- 

stdenfrle improvement for high dispersion and low aggregation. The strong affinity 
between organic molecules coupled on silica particles and rubber molecules drives out 
better mixing. When the surface of silica particles is coated with organic materials and 
they confcin functional groups to be attrxtive to rubber molecules, a consider^ im- 
provement of both dispersion and reinforcing *ility of silica is unequivocal. The fine 

^^^^^.^^ ^ysrt properties of rubber 

compound such as tensile strength and wear resistance. 

Several bifunctional silica coupling reagents coupled silica particles with rubber 
molecules are developed for these purposes. They usually have two moieties reactive 
wth the silica surface and rubber molecules: silyl groups to react with stool -roups 
of smca surface and mercapto, anino, vinyl, epoxy and sulfide groups to bind the 
rubber molecules. Exemplary silica coupling reagent is bis- 
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P-toeftoxysOylpTopylJetrasulfide, which is known commercially as Si-69 Silica 
coupling reagents usmdly have two aUcoxy groups at opposite ends, so they nay. tie up 
sthca particles as like coupling silica particles to rubber molecules. Chemically bonded 
organosibne molecules cover the surface of silica particles, and then, the surfxe of 
«do particles becomes highly hydrophobic, resulting in a good dispersion in rubber 
molecules. Furthermore, the silica coupling reagents which have sulfide linkages in 
molecular chains show better reinforcing performance than sifane only coupled on 
snrca: dissociated sulfide groups combine with double bonds of rubber molecules 
dunng curing process, enhancing the modulus and tensile strength of rubber 

compounds. Jbtamgm^a rubj^molecules with siluaparticles-is the mun— 
function of silica 



7 - ™ F «UULWi a UIC na 

functton of S1 hca as a reinforcing material, but the cogent bonds between rubber 
ggjggjgsa^ 



Ore mcrease m the tensile strength of rubber compounds. Since these ad^tages due to 
the couphng reagents are very effective to enhance the ehsdc properties of rubber 
compounds, they are essentially added to the rubber compounds of tire and shoes 
especally requiring extremely high tensile strength and toughness 
[12] However, they also have disadvantages as well as advantages. He first dis- 

ad*n*ge is their excessive loading. Since they can rext other species such as x- 
celemtors and readers contained in rubber compounds rather than silica particles and 
rubber molecules, a part of coupling reagents should be consumed without x- 

fated objectives. IT* lo^inganountof them, therefore, must K, 

-taghrcunrparea to me required anount for the quantise coupting rextions 

Although bifhnctiond silica cou pting re.gents.are.exceptionally-effective to enhance— 

to remforcmg *ility of silica finer, their high costs lower the application of silica as 
chspersmg agents. Amide compounds repfce aU or part of expensive Afunctional 
smca coupling reagents to reduce the cost of raw material in tire mmufxturing 
Furthermore, the undesired rextions of coupting reagents with xoelerators or' 
xtnators are inevifcle, increasing the loading level of these expensive chemicals in 
rubber co mpounds 

TTie second disadvantage of the silica coupling reagents is their low efficiency of 
coupling between silica particles and ntbber molecules due to the steric hindrance of 
sohd particles. It is not easy to form bridge chains anong silica particles with a certain 
Usance in extreme* heterogeneous rubber system. A large frxtion of the coupling 
reagent combines mainly with rubber molecules and thus, a significant increase in 
modulus of rubber compounds deteriorates their easticity. The heterogeneity in rubber 



[13] 
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[14] 



compounds lowers their tensile strength as well as their elongation at break. 

Tie third disadvanfcge is reked to the mixing of rubber molecules with various 
additives. The elevation in temperature at mixing step is inevitfcle. Although elevated 
temperatures are helpful to achieve high homogeneity of rubber compounds, the 
undesired preliminary cross-linking reactions are also accelerated with temperature 
elevation. The temperature control for the rubber compounds at mixing step, therefore, 
is very important, especially when they comprise silica filler and the sulfide-containing 
afunctional sifene coupling reagents. Sulfur ndicais produced above 170 °C from the 
coupling reagents through the dissociation of their sulfide groups. rea* with double 

_bonds_of. ra bber. m olecules. Based on this phenomenon; the dixmg-temperlnire of 

rubber compounds conaining the coupling reagents should be controlled to be low to 
-suppress the-preliniinaiy-am-linkinyiCTtidns; 



[15] The bifunctional coupling reagents for silica containing alkoxy silyl groups at their 
terminals and sulfide groups in the center of their skelefil have both advances and 
disadvanlages as described aiove. However, their contribution to the enhancement in 
physical properties is significant, and thus, they are widely applied to suica-reinforced 
rubber compounds requiring high tensile strength and toughness such as carcass, belt 
and tread compounds of tires. Since these compounds should endure krge impact and 
repeated stress for a long time, the addition of the coupling reagents are effective to 
guarantee their stable perfonmnce. 

J 161 The replacement of carbon bkfc by silica in tire s as a reinforcing filler is^trend-to- 

pursue environment benignity: to increase their fuel efficiency and life time by 

improvingphysjcal property.andstiility of-rubber compoundsrand toreduce-the— 

anount of emitted organic materials from carbon bfck. Therefore, the further im- 
provement of the reinforcing function of silica is important for tire manufacturing in 
terms of perfonmnce and environment preservation. 

[17] 

Disclosure of Invention 

Technical Problem 

[18] In summary, silica must be a promising reinforcing material of rubber compounds 

with significant advantages, but it also has several difficulties in its application 
especially when its loading level is high. The poor dispersion of silica particles in 
rubber molecules and strong adsorption of additives on the surfxe of silica particles 
are obstocles to its successive application. &en though such difficulties may be 
overcome by addition of the coupling reagents, more efficient methods to maximize 
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their reinforcing abilities without significant disad\an&ges are still required. 

[19] 

Technical Solution 

[20] Networked silica with a three-dimensional network among silica particles brings 
about much higher performance as a reinforcing material for rubber compounds 
compared to conventional silica. The networked silica has bridge chains comprising 
carbon, hydrogen, oxygen, sulfur, and nitrogen atoms among silica particles. The 
tridimensional networks among silica particles entengle rubber molecules, 
enhancing die resistance to fatigue and resulting in a significant increase in tensile 

strength. The physical interlocking between rubber molecules and silica particles 

contributes to the increase in toughness of rubber compounds, but prevents an 

excessive-inci^ase^m-meir modrrhi^notto'becoffiebria^e: 

[21] At the first step of the formation of the network among silica particles, superficial 
siiinol groups react with alkoxy silane molecules having a reactive functional moiety 
such as amine, glycidyl, chloride, thiol, aldehyde or carboxylic group at their ends. By 
removing alcohol produced in the condensation reaction between alkoxy groups and 
s&nol groups, silane molecules with the reactive moieties are coupled on silica 
particles. Since anine and glycidyl groups form a covalent bond, successive reactions 
of silica particles coupled with alkoxy silane containing amine groups and those 
coupled with alkoxy silane containing glycidyl groups form covalent bonds anong 

silica particles. Randomly formed covalent bonds build up a network struc ture annng 

silica particles. 

„[22] Various kinds.of functional-groups can be employed to form cormectmg chainsr for 

example, amine and chloride groups, glycidyl and chloride, epoxy and chloride, and 
epoxy and thiol groups. The amount and molecuhr length of coupled silane molecules 
on silica particles determine the distance and density of the network formed anong 
silica particles. The high density of short bridge chains induces rigid structure of 
networked silica, while the low density of long bridge chains brings about flexible 
structure. Since the bridge chains are composed of covalent chemical bonds, the 
networks among silica particles are strong and stable even at mixing and cure 
processes of rubber compounds. 
[23] Other methods are also employed for the preparation of networked silica. The 

reaction between silica particles coupled with alkoxy silane containing glycidyl groups 
and polyethylene diamine, produces networks anong silica particles only by two-step 
reaction effectively. Dicarboxylic acids and dichlorides are also applicable as bridging 
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rmterials for the silica particles coupled with alkoxy sikne confining anine groups at 
their other ends. Direct reaction of silica particles with diisocynates or dichlorides also 
produces networked silica through just one step. By the removal of carbon dioxide or 
hydrogen chloride as condensation products bridge chains are formed anong silica 
particles. 

[241 The networked silica prepared along with this invention shows high dispersion in 
rubber compounds. The networks formed among silica particles prevent their ag- 
gregation. The covering of silica particles with organic bridge chains causes the 
change of their surface property from hydrophilic to hydrophobic, improving 
dispersion-of silica partides m hydrophobic rubber iSlSilesrihe openings formed 
among silica particles among the network of bridge chains also enhance the 
permeation of rubber molecules into silica particles. Scattered silica particles, hy- 
drophobic surface and the formation of openings for rubber molecule intrusion of 
networked silica simultaneously bring axmt its improved dispersion. 

[25] It is another object to prevent the innovation of other additives by their adsorption 

on silica. Active surface of silica captures them. The disappearance of silanol groups 
on silica surface through the reaction with alkoxy silane results in the loss of polar 
adsorption sites for reactive additives. The fewer anounts of additives are required to 
prepare rubber compounds containing the networked silica, saving the expensive 
chemicals. 



Advantageous Effects 
-[27] Gompaxkgwimconvenuon^ 

the networked silica show exceptional performance for improving their tensile 
strength, elongation at brezk and toughness. Furthermore, the reduction of required 
anount of the additives by using networked silica is desirable to cut down expenses. 
The environmentaUy benign property of the networked silica also drives out its wide 
application to the preparation of rubber compounds used in tires, belts, conveyors, 
shoes and hoses. ~~ 

[28] 

Description of Drawings 

[29] Fig- 1 i s a sketch showing the structure of three-dimensional networks formed 

anong silica particles according to the present invention. 
[30] Fig. 2 is the photos of the cit surface of the rubber compounds, 

[31] reinforced with (A) silica, (B) silica and Si-69, and the MGP(l.Q) AP(1.Q-SIL 
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networked silica. 

[32] 

Best Mode 

[33] The invention provides networked silica having three-dimensional networks anong 

silica particles. The addition of die networked silica to diene rubber about 5 phr to 150 
phr by weight of the rubber causes considerably high tensile strength, elongation at 
break and toughness of cured rubber compound as like the rubber compounds prepared 
by using the bifunctional silica coupling reagents and silica filler. The contents of 
organic bridge chain are ranged in about 2% to 10% by weight of silica to achieve 
sufficient formation of the three dimensional networks among silica particles. The first 
step for the preparation of the networked silica is a dehydration step, because the 
coupling reagents composing of silanes are highly reactive with water. After drying the 
networked silica at 150 °C in an inert gas flow, it is necessary to carry out further de- 
hydration by anhydrous pofar solvents such as methanol and ethanol. Trialkoxy silane 
molecules with various functional groups at other ends such as glycidyl, amine, 
chloride, thiol aldehyde and/or carboxylic group react with sibnol groups of silica in 
organic solvents, producing silane-coupled silica accompanying with alcohol 
formation as described below. 

[34] Silica - (OH) + (R'o) Si(R 2 X) -> Silica -(O -) SilTX + nR'OH 

D J-0 D . D 

[35] Where the groups R ♦ which are identical to or different from each other, represent 

a C ^ allc/1, each R 2 represents altyl, and X represents amine, amide, halide, 

wercapto or glycidyl functional groups. Exempkry-alfyl alkoxy sitmes with reactive — 

functional groups include, but are not limited to trimethoxy 3-chloropropyl silane 
(CTTS), 3-rnercaptopropyl silane (MPTS\ 3-aninopropyl silane (APTS) and 
3-glycidoxypropyl silane (GPTS). Because alcohol is produced when altyl alkoxy 
silane reacts with silanol groups of silica particles, ethoxy silanes are recommended at 
the environmenlal aspects rather than methoxy silanes, although methoxy silanes are 
not excluded from the present invention. Preferred alkyl alkoxy silanes with reactive 

functionalgroups.^ 

[36] Since the network among silica particles is formed through the reactions between 

functional groups of silane coupled on silica particles, various bridge chains for 
networked silica are possible. Several pairs of functional groups can be employed to 
make bridge chains: amine and glycidyl groups, amine and chloride groups, amine and 
thiol groups, chloride and thiol groups etc. Since many altyl alkoxy silane molecules 
with reactive functional groups can be coupled on each silica particle, multiple bridge 
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[39] 
[40] 



chains among silica particles form through condensation rations, producing 
networked structures. Many silica particles axe interactive with exh other, producing 
the netwo± composed of multiple bridge chains. Although the chemicd bonds and 
lengths of bridge chains among silica particles are different according to alkyl dkoxy 
sibne molecules to be used, the physical structures of networked silica are almost 
same: silica particles are not aggregated, and connected with bridge chains. The 
structure of three-dimensional network formed among silica particles can be depicted 
as shown in figure I. An example of bridge chain formed is shown below. 
[37] Silica -(0-) 3 -Si - R*X + YR 3 - Si - (O) - Silica 

" [38] -=»-rSilka-- (O)^ S r- R 2 t (X- YFR^srrfo^ - Silica 

where X and Y are reactive functional groups which can form bridge chains. If X is 
"chlorine atom, Y an be amine or mercapto group . 

The preparation of the networked silica described above is comprising of three 
steps: the first step is the coupling of sikne molecules with X functional groups to 
silica particles through the reaction with their silanol groups, the second step is the 
coupling of alkoxy sikne molecules with Y functional groups to silica particles 
through the reaction with their silanol groups, and the third step is the network 
formation by reacting coupled silica particles with function^ groups X and Y. X and Y 
groups must be different, but they can mice chemical bonds between them. However, 
two steps are enough for the preparation of a networked silica when molecules having 

two amine g roups on their oppo si te en ds are employ e d as conn e cting m a terial s fertile— 

silica particles coupled with silane conaining glycidyl groups. For example, hexam- 
emylenecBamme-reacts-with-glycidyl groupTtinked silica particles, to produce bridge 
chains among them. Various materials such as diamine, dichloride, diisocyanate and 
dicarboxylic acids are available as connecting materials in the two-step process for the 
preparation of networked silica. 
[41] One-step preparation of networked silica is also possible. Linear molecules with 
two isopanate groups at its ends are effective to combine two silica particles hy th* 
reaction of isocyanate groups with silanol groups of silica surfxe. Materials having 
two chlorine atoms at their opposite ends also show a similar function, but they require 
slightly long reaction time because of their low reactivity. 
[42] The structure of networked silica mainly depends on the length and shape of bridge 
chains. The density of bridge chains is also important for its reinforcing function of 
rubber compounds. Although it is not known yet what are the best type and shape of 
bridge chains as well as their density. However, several suggestions can be supposed: 
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the openings among silica particles must be hrge enough to aUow the intrusion of 
rubber molecules and to entangle rubber molecules with bridge chains, resulting in a 
considenfcle increase in tensile strength of rubber compounds. On the contrary, too 
hrge openings due to extremely low density of bridge chains do not contribute to 
improve tensile strength, although they enhance the dispersion of silica in rubber 
molecules. The formation of chemical bonds between silica particles and rubber 
molecules may result an excessive increase in modulus of rubber compounds. Tight 
entanglement of rubber molecules with bridge chains and close contet of rubber 
molecules with silica particles considerably improves the resistance to the fatigue of 
ru b ber compounds as well as the enhancement of its d ispersion, resulting in its high, re- 



inforcing function. The preparation methods of networked silica xcording to the 
present invention and its reinforcing perfornBo c^ttUMpbet.compounds are-fnrther- 



[43] 



described in the following non-limiting examples 

Mode for Invention 



[44] EXAMPLES 

[45] The present invention is more specifically illustrated by the following examples. 
However, it should be understood that the present invention is not limited by these 
examples in any manner 

[46] Example 1. Preparation of network silica by three- step reasons: 

[47] Silica with a large amount of silanol groups thereon was used as the raw material 

fortbrpreparaiion ot networJcecTsilica. Fine silica powder was dehydrated at 300 °C 
for 1 hour in an electric furnace to remove adsorbed water. After cool ing it in a 



vacuum desiccator to room temperature, 50 g of dehydrated silica was charged in a 1 L 
3-neck round-bottomed flask. 600 mL of an anhydrous ethanol of was added to extrxt 
remained water up to extremely low level of water content to prevent side reactions of 
alkoxy silane with water. The mixture was stirred by using a mechanical stirrer at 400 
rpm for 30 min. After decanting the used ethanol contaninated with a snail anount of 
^ater. SOmuL.of.tohemanol-was-suppaed-repea tedl y tw o more-ti mes f or the 



complete removal of water. And decanting ethanol carefully, 24 g of 
3-glycidoxypropyl trimethoxy silane (GPTS) solution in 600 mL of toluene was added 
to the flask equipped with a condenser and a thermometer. This mixture was refluxed 
at 1 10 T for 24 h in the flask. Coupled silica with the alkoxy sihne was sufficiently 
washed with toluene to remove non-reacted silane and dried in an oven at 100 °C for 
12 hours. 
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[48] As sane as above, various species of alkoxy silane-coupled silica were prepared. 
3-Aminopropyl triethoxy silane (APTS), 3-mercaptopropyl triethoxy silane (MPTS), 
and 3-chloropropyl triethoxy silane (CPTS) were also employed as coupling materials. 
The names of alkoxy sifene-coupled silica were written as GP(x)-SIL, AP(x)-SIL, 
MP(x)-SIL and CP(x)-SIL according to sifane being used, x in the parenthesis denoted 
the amount of coupled alkoxy silane on silica as mmol of silane per g silica. It was 
determined by thermogravimetric analysis based on die weight loss due to the 
combustion of carbon and hydrogen of silane with air at elevated temperature. The 
amounts of coupled silane on silica were different according to silane species even the 
concentrations of used sflaneToMc^w^me same as 606 mmol/L: the amounts of 
coupled silane on silica were different as 1 .2 mmol/g, 1 .5 mmol/g, 0.7 mmol/g, and 05 
mmoJ/g on sifene-coupled silica of GP-SIL, AP-SIL, MP-SIL and CP-SIL re- 
spectively. 

[49] Suspension of the GP<p.6>SIL and APf).6)-SIL in toluene was refluxed at 1 10 °C 

for 6 hours in a 1 L round-bottomed flask to combined silica particles. Exh amount of 
silane-coupled silica was 50 g. After cooling to room temperature, produced 
networked silica was washed with toluene, filtered and dried at 100 °C for 6 h in an 
oven. The obtained networked silica was named as /V-GP(0.6)AP(P.6)-S1L. N meant 
networked silica, and GP and AP denoted used silane species to form bridge chain. For 
example, tf-GP(x)MP(y)-SIL networked silica was prepared by the reaction of 

GBarSn^ndMRCy^ 

procedure described &ove. 



-[50]- 



The coupling of silane on silica can be confirmed by thermogravimetric 
analysis carried out in air stream. In general, silica showed a weight loss 
around 100 °C due to the desorption of water. No further weight loss was 
observed below 1,000 °C . However, sikne^oupled silica showed a weight 
loss around 250 °C . Carbon and hydrogen of silane burned out in air, brou ght 



*out a significant weight loss. The weight loss around 250 °C was observed 
on networked silica similarly to silane-coupled silica, informing the content of 
bridge chains. 

[51] Example 2. Preparation of networked silica by two-step and one-step processes: 

[52] Three-step reactions are required for the preparation of the 7V-GP(P.6)AP(P.6)-SIL 

networked silica. However, these rextion steps can be reduced by using connecting 
materials having two functional group. The GP0.6)-SIL silane-coupled silica was 
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prepared following the procedure described in EXAMPLE 1. The reaction of the 
GP<P.6> SIL with hexanemylenediamine produces networked silica by combining 
glycidyl groups of silica particles with amine groups of the connecting materials. 
Detail procedure for the preparation is given below: 20 g of the GP(p.6)-SJL silica was 
suspended in 300 mL of toluene. 1 .4 g of hexaoaethylenedianine was added to the 
suspension, and the mixture was refluxed in a 500 mL round-bottomed ffask at 1 10 °C 
for 4 hours. Arnine groups of hexamemylenedianine react with glycidyl groups of the 
GP(p.6>SlL silica, to produce networked silica with bridge chains composed of hex- 
amethylene skele&I among silica particles. Networked silica was recovered after 
washing in toluene followed by ffltering and drying as like the procedure described in 
ExampIeT : 

[53] Polyemyleneimine was a suitable connecting material for the preparation of 

networked silica. Its imine groups combines with glycidyl groups of GPTS-coupled 
silica. Dichlorohexane also combines APTS-coupled silica and form networked silica 
through two-step process. The preparation steps of networked silica through two step 
reactions, therefore, are composed of the siiane coupling reaction on silica surface and 
the formation reaction of bridge chains. The basic steps of two-step preparation are es- 
sentially the same, regardless of the nature of siiane and connecting materials. 
[54] Drying step of silica in an oven and the extraction of rermined water by anhydrous 
ethanol is important to obtain sufficient amount of siiane coupling. Although di- 
isocjanates, dichlorides and dicarboxylic acids were useful for the preparation of 
- networked- silica as- connec tmg nMer ials^ the obtained n etworke d~silica~ using" these 



materials having two reactive functional groups at their opposite ends showed slighdy 
poor therrml stability compared to the network silica prepared through three-step 
process. 

[55] Example 3. The investigation of reinforcing performance of networked silica: 

[56] Rubber compound containing networked silica was prepared by mixing rubber 

with other additives. Their curing characteristics were examined form their rheocurves 

and viscosity measurements during curir^_process._And tensile-tests-of^rubber 

compounds provide reinforcing performance of networked silica added to them. Com- 
positions of rubber compounds used in the tests were simplified to observe clearly the 
contribution of networked silica to their tensile properties. Table 1 showed the com- 
positions of RI rubber compounds based on solution-polymerized styrene-butodiene 
rubber (S-SBR). Rubber and additives were mixed in an internal mixer. At first, S- 
SBR was masticated for one minute. After adding silica, coupling reagent and aromatic 



SUBSTITUTE SHEET (RULE 26) 



' WO 2004/078835 PCT/KR20O4/0O0I06 



13 



oil, a primary master hatches of RI rubber compounds were obtained by mixing the 
rubber containing \arious additives at 150-160 °C for three minutes. After masticating 
the primary master batch for one minute, sulfur and accelerator were added. The 
preparation of rubber compounds was finished with further mixing at 100 °C for three 
minutes. 

[57] S-SBR being used in this test was nanufactured by a solution polymerization 

method with high homogeneity. Its average molecular weight was 560,000 and its 
glass transition temperature was -42 °C . The contents of styrene and vinyl groups wer 
31% a nd 30%, respectively. Detail descriptions of other additives were written at the 
bottom of Table 1. 

t 58 l Table L Cure and tensile properties of rubber compounds reinforced with silica 

and networked silica 



Rubber compound RI-1 rj_2 RI-3 

Composition (phr) 



Rubbed 


137.5 


n!37J 


137.5 


137.5 


Zinc oxide 


4.0 


4,0 


4.0 


4.0 


Sulfur 


1.5 


1J 


1.5 


1.5 


Accelerator (CZ) b 




1.5 


1.5 


1.5 


Accelerator (DPG) C 


1.0 


1.0 


1.0 


1.0 












Stearic acid 


2.0 


10 . 


2.0 


2.0 


Sflica d 




,13.0 


13.0 




Coupling reagent* 






1.0 




Networked silica f 








13.0 



Cure characteristics 



min. torque (J) 


0.67 


o.ss 


0.81 


0.17 


max. torque (J) 


2.08 


3.11 


2.59 


2.29 


/« (rain) 


8.7 


11.2 


9.1 


1.5 


'*> (min) 


10.7 


12.9 


10.9 


4.8 
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Processibflily 



Mooney viscosity 
Tas {tain) 
Tjj (min) 



18.4 
40.0 
52.0 



27.5 
59.0 
72.0 



22.9 
47.0 
60.0 



203 
2.7 
4.7 



Hardness (JIS A) 



36 



37 



40 



Tensile property 
Modulus (MPa) 



-ioo%- 

300% 



_ 0:04~ 



~0.76~ 
1.65 



0.85 
2.51 



0.76 
2.24 



[59] 
[601 
[61] 
[62] 



Tensile strength (MPa) 
Elongation at break (%) 



1.1 



,.267 



2.1 
372 



2-7 



316 



6.1 
531 



Abrasion property 
PICO(g) 



1.26 



0.17 



0.15 



0.14 



oil-extended S-SBR polymer (oil content = 37.5 phr), 
N -cyclohexyl-2-benzothiazole sulfenanide, 
C N,N -diphenylguanidine, 

d Zeosil 175, 



[63] 
-[64]- 
[65] 
[66] 



c Bis(triethoxysilylpropyl) tetrasulfane (TESPT); its commercial name is Si-69. 



-tf-^P(-l-.0>APtf^^^ 

The compositions of four RI rubber compounds were the same except silica-related 
additives: the RI-1 rubber compound did not contain any silica and coupling reagent, 
but the RI-2 rubber compound had only silica of 13 phr. The RI-3 rubber compound 
coniained 13 phr silica accompanying with the coupling reagent (Si-69) of 1.0 phr. 
Otherwise, the RI-4 rubber compound was reinforced by N-GP(l.q>-AP(l.Q)-SIL 
networked silica of 13 phr without accompanying any coupling reagent. 
[67] Cure characteristics of prepared rubber compounds were examined from 

rheocurves recorded at 160 °C . t ^ times determined from rheocurves were used to 
decide optimum cure times. A certain amount of sheet type of rubber compounds was 
obtained by rolling the mixed rubber compounds in a rolling mrhine. A part of sheet 
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type ample was put into a conventional fbt-type mold and pressed at 160 «C in a high 
pressure press for an optimum cure time. Physical properties of cured rubber 
compounds such as modulus, tensile strength and elongation at bre* were measured 
from stress-strain curves recorded using a tensile tester. Rubber specimens were pulled 
up with a crosshead speed of 500 mm/min to breakpoints. Tensile strength of rubber 
compounds denoted the required force to brings about their fatigue at bre* point and 
elongation at bre* showed, the ratio for the elongation of specimens compared with 
fresh specimen as a percent Convenience for processing of rubber compounds was 
equated from Mooney viscosity. T ^ and 7^ times denoted the changes in viscosity 
-dunng their curing process: SeotchTim^were^-^ Mowed time for convenient 
^processing of rubb er compou n ds. Abrasion property of rubber compounds was 
-compareowith-HOj values. The abrasion rate measured using a PICO fcrasion tester 
(blade-type trader ASTM D2228) and was represented by the weight loss during *ra 
sion test A 25 N of normal load was applied constody. 

Cure characteristics, Mooney viscosity and physical properties including hardness 
tensileand*rasionpropertiesoftheRIrubbercompounds were shown in Table 1. 
The changes in cure rates deduced from t ^ times were not signifiont with the addition 
of silica, indicating the negligible effect of silia addition on cure characteristics of 
rubber compounds. On the other hand, the addition of networked silia aused con- 
sider^ changes in cure rate and viscosity. If curing of rubber compounds is finished 
in an extraordinary short time^homogeneous crosslinktHg-is 



[68] 



[69] 



convenience for the processing is inevit&le. Too short scotch time of the RI-4 rubber 
-compounddid not allow a sufficient time for thieving homogeneous curing and for 
obaining good physical properties of cured products. 

Tie tensile strength of the RI-1 rubber compound without silia was low 1.1 MPa, 
while the RI-2 rubber compound reinforced with silia of 13 phr showed much higher 
tensile strength of 2.1 MPa. Elongation at break also increased with silia addition.^ 
The increase in tensile strength of the RI-3 rubber compound compared to the RL2 
rubber compound was more considerable, indicating a synergistic contribution of silia 
and the coupling reagent Si-69. &en its loading mount was smaU as just 1 phr, the 
increase in tensile strength with it was about 300%. 100% moduli of the RI-1, RI-2 and 
RI-3 rubber compounds were 0.04, 0.76 and 0.85 MPa, respectively. As like to their 
tensile strength, modulus also increased with the addition of silia, and the si- 
mulianeous addition of Si-69 coupling reagent with silia. The considerable decrease 
in elongation at break with the simuhaneous addition of the coupling reagent and silia 
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indicated negative effect of the coupling reagent, becoming brittle due to the loss of 
elastic property. On the other hand, the RI-4 robber compound which was reinforced 
by N-GP(1.(&AP(1.C»-SIL networked silica showed highly enhanced tensile strength to 
6.1 MPa, and elongation at break to 531%, while the increase in modulus was small 
compared to the RIJJ rubber compounds. Hardness of the RI-4 rubber compound 
reinforced with the networked silica was slightly high. 

Silica was an important reinforcing material minimizing abrasion rate of rubber 
compounds. Silica-reinforced rubber compounds showed high wear resisance, 
regardless of silica type. The abrasion is a very important fetor determining life time 
of truck/bus tires, because their tread rubber compounds should sustain heav y load 
even at dynamic running state. High toughness of rubber compounds is helpful to 
enlarge the service life of tires by reducing abrasion rate. 



[70] 



[71] The rubber compounds reinforced with the networked silica showed high tensile 
strength and elongation at break. Hardness, modulus and abrasion properties were also 
improved by the addition of the AM3P(l.q>AP(l.q>-SIL networked silica. Therefore, 
the networked silica was a good reinforcing material of rubber compounds to susain 
high stress with high stability. 
[72] Example 4. The effect of the loading amount of networked silica on the tensile 
properties of rubber compounds: 

Since the reinforcing effect of silica on the physico-chemical properties of rubber 
compounds was strongly dependent on its loading amount, the cure and tensile 
^ r op e rti e s-of r ubb e r compounds we r e eAani neifwi th \arying the loading mount of 



[73] 



Table 2 showed experimental results of rubber compounds reinforced with silica 

aa°~# r GP(l.<MP(l.C^SIL networked silica of 10, 20, and 40 phr. Since the contents 
of zinc oxide, sulfur, CZ and DPG accelerators and stearic mid were fixed as listed in 
Table 1 as 4.0, 15, 1.5, 1.0 and 2.0 phr, respectively, these additives were toaUy 
denoted as 'Additive group I'. 
[74] With increasing the content of silica in rubber compounds, both the maximum and 

minimum t oxguei of rubber compou nd s de termi ned fr om Curves-increased coir- 

siderably, indicating reinforcing effect of silica. Mooney viscosity, 100% and 300% 
modulus, tensile strength and elongation at break of silica-reinforced rubber 
compounds were higher than those of the rubber compounds without silica. The 
increases in these properties with the loading amount of silica content were pro- 
portional. The tensile strengths of the RB-4, Rfl-5 and RH-6 rubber compounds which 
contained networked silica of 10, 20 and 40 phr, were 3.8, 8.1 and 17.8 MPa, re- 
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spectively. These values were considerably higher than those of corresponding rubber 
compounds reinforced with the sane loading amount of silica and Si-69 coupling 
reagent This means that the rubber compounds reinforced with the N - 
GP(1.C}AP(1.Q|-SIL networked silica showed higher tensile strengths than those 
reinforced with silica and coupling reagent at the range of this loading level Although 
t ^ times determined from rheocurves and scotch times measured from Mooney 
viscometer signifkandy decreased with increasing the content of the networked silica, 
the considerable increase in tensile strength without remarteble changes in modulus 
and elongation at break suggested that networked silica *as an exceptional reinforcing 



material of rubber compounds to increase their toughness. The small PICO value of the 
rubber compounds reinforced with networked silica also supposed its feasibility as re- 
inforcing material to enhance the service life to tires. 
[75] Table 2. Comparison of the reinforcing effects of silica and networked silica with 

varying their contents in rubber compounds 



Rubber 
compound 



RH-1 RII-2 Rll-3 RII-4 RJI-5 RII-6 



Composition (phr) 



Rubber* 


137.5 


I37J 


137.5 


137J 


137.5 


137.5 


Additive 
Croup]? 


10.0 


10.0 


10.0 


10.0 


10.0 


10.0 


Silica* 


10.0 


20.0 


40.0 








Networked silica 0 








10.0 


20.0 


40.0 


Cure characteristics 














min. torque (J) 


0.66 


0.81 


1.50 


0.66 


0.85 


1.22 
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max. torque (J) 123 157 3.46 2.16 2.43 377 

r« (min) 10 J 11.9 UJ 3.6 11 3.9 

(mm) 113 15.4 14.2 5.6 7.0 24.8 

Processtbilhy 

Mooney viscosity 34 J 413 63 J 35.0 42.1 58.9 

fas (min) 50.4 65.5 583 15.1 5.7 4.7 

T u (min) 633 82.7 97.7 18.7 8.1 103 

Hardness (HS A) 32 37 51 34 39 50 

Tensile property 

Nfodnte(MPar ; : : 



100% 0.55 0.74 1.08 0.73 0.84 1.37 



300V. 137 1.67 165 236 235 4.32 

2.4 4.0 10.6 3.8 8.1 17.8 



Tensile-strength 
(MPa) 



.at break (%) 



471 549 751 431 630 699 



Abrasion property 

PICO(s) 0777 0.121 0.031 0360 0.106 0.065 



[76] 1 oil-expanded S-SBR polymer (oil content = 37.5 phr), 

[77] b including zinc oxide (4.0 phr), sulfur (1.5 phr), accelerator CZ (1.5 phr), 

[78] accelerator DPG (1 .0 phr) and stearic acid (2.0 phr), 

[79] c Zeosill75, 

[80] d N -GP ((1 .Q)AP(1 .QhSIL networked sUica. 

im 

[82] Example 5. The reinforcing role of bridge chains of networked silica in rubber 

compounds: 

[83] The reinforcing function of networked silica might be dependent on the type and 

amount of bridge chains combining silica particles each other. Table 3 listed tensile 
properties of the rubber compounds reinforced with the N-GP(x)MP(x)-SIL networked 
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silica. The contents of GPTS and MPTS were varied as 0.2, 0.5 and 1 .0 mmol per 
gram of silica in order to compare the role of bridge chains in the formation of 
crosslinked networks. The rubber compound reinforced with the N - 
GP(1.Q>AP(1.Q)-SIL networked silica was also prepared 

[84] The increases in tensile properties of rubber compounds by the addition of 

networked silica were considerable, regardless of the content of bridge chains as 
shown in Table 3. Tensile strength of rubber compounds reinforced with the N - 
GP(x)MP(x)-SIL networked silica was high around 14.7 MPa, even though the content 
of bridge chains varied as 0.2, 0.5 and 1.0 mmol/g. These results chimed the sufficient 
content of bridge chains was not too much, because the entanglement requires only 
connecting chain among silica particles to hold rubber molecufar. 

[85] The rubber compounds reinforced with the W-GP(x)MP(x>SH networked silica 

showed slighdy low tensile strengths compared to that reinforced with the N - 
GP(x)AP(x)-SIL networked silica, while their modulus and hardness were slightly 
high. The easy bre^age of C-S-0 bonds in the W-GP(x)MP(x)-SIL networked silica 
due to the attack of accelerator molecules in rubber compounds caused low tensile 
strength, however, further reactions between produced sulfur radicals with double 
bonds of rubber molecules formed C-S bonds, enhancing their modulus and hardness. ■ 
Elongation at break was also low due to the formation of the chemical bonds between 
networked silica and rubber molecules. 

fS6] Tdble 3. Tensile properties of rubber compounds reinforced with the AT 
GP(x)MP(x)-SIL networked silica 
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Rubber compound RJU-i RID-2 RIII-3 RHI-4 



N~G?(Q2) A«jP(0J) MOP(1.0) AM3P(1.0) 

Networked silica 

MP(0.2)-SIL MP(0.5)-SIL MP(I.0)-SIL AP(1.0)-SIL 

Composition (phr) 



Rubber" 


137.5 


137.5 


1 37 J 


137.5 


Additive group I 


10.0 


10.0 


10.0 


10.0 


Silica content 


40 


40 


40 


40 


Hardness (J1S A) 


50 


50 


51 


52 



Tensile property 
Modulus (MPa) 

100% 

300% 
Tensile strength (MPa) 
Elongation at break (%) 
Abrasion property 

PICO(g) 0.065 0.059 0.056 0.066 

[87] ° oil-expanded S-SBR polymer (oil content = 37.5 phr). 

" [88] 

[89] Example 6. The thermal stability of rubber compounds reinforced with networked 
silica: 

[90] Rubber compounds used in tire should be stable in terms of physical and tensile 

properties even at an elevated temperature, because a large amount of heat is generated 

by tire running. Exposure of rubber compounds to high temperature for a long time 

causes severe breakage of carbon chains, resulting in a considerable decrease in tensile 
strength. Further crosslinking at the elevated temperature increases modulus of rubber 
compounds, losing their elasticity and lowering their absorption capability of given 
impacts. Therefore, the tensile property of the rubber compounds reinforced with 
networked silica after the exposure to elevated temperature is important for their ap- ( 
plication to tire production, although they should have high tensile strength even at 



137 1.18 1.18 1J7 

4.31 3.57 3.92 5.03 

17.8 15.4 16.6 14.6 

699 698 688 600 
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[91] 



freshly prepared state. 

The tensile properties of the sihca-rcinforced rubber compounds after thermal 
aging were listed in Table 4. Hardness and modulus increased with thermal aging, 
indicating the loss of elasticity. However, high tensile strengths of the rubber 
compounds reinforced with networked silica after thermal aging showed clearly their 
highly steble reinforcing performance. Networked silica irrespective to the type and 
content of bridge chains were also effective to susfcrin high elongation at break after 
thermal aging. High stability of networked silica to thermal treatment u&s very helpful 
to prepare tires with extraordinary long service life. 



[92] Table 4. Tensile properties of rubber compounds reinforced with various types of 

networked silica after thermal aging * 



Rubber compound RJV-1 



RTV-2 



RTV-3 



RTV-4 



RTV-5 



RTV-6 



RJV-7 



Reinforcing system* 
Silica only 
Saica + Si-69 e 

Networked silica 



N- tf. }*. Af- M 

GPflU) G?(0J) GP(1.0) GP(0.6) GP(0.6) 

MP(02) MP(03) MP(IX» PoryAP* PolyAP* 

-SIL -SIL -S1L -SIL -SIL 



Unaged rubber 
Property 



(J1SA) 



52 



52 



51 



52 



55 



57 



Tensile property 

Modulus (MPa) 

100% 

300% 
Tensile strength 



106 1.48 1.14 1.20 

2J2 5.32 3.57 3.92 



1.56 
5.03 



1.33 1.63 
4.35 5.61 



-i6:6~ 



601 



22T7- 



-2174- 



720 



(MPa) 



at break (%) 



752 



463 



698 68S 



784 
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Robber property 



Hardness (JIS A) 56 55 53 54 55 58 61 
Modulus (MPa) 

100% 134 1.73 1.46 1.63 1.74 1.73 1.94 

300% 3.32 5.97 4.38 5.26 6.22 5.57 6.78 

9.6 95 13.7 14.2 14.6 20.8 20.5 



Tensile strength 
(MPa) 



at break (%) 



645 405 602 550 529 705 628 



[93] 1 menmlly aged at 105 °C for 24 h, 

[94] b content of reinforcing materials was 50 phr, 

[95] c content of Si-69 \*as 4.0 phr, 

[96] d networked silica prepared by a two-step reaction using polyethyleneimine with 

molecular weight of 25,000 as a connecting material, 
[97] " the networked silica prepared by an one-step reaction using polyethyleneimine 

with molecular weight of 25,000 as a connecting material. 

[98] 

[99] Example 7. Reinforcing natural rubber by a networked silica: 

[100] Since the entanglement of rubber molecules with silica particles reinforces rubber 
compoundsrthe reinforcing-perfonmnce depends largely on the chemical-and— 



structural nature of rubber molecules. One of widely used polymer in tire manu- 
facturing is natural rubber (NR) because of its high mechanical strength attributed to 
its high molecular weight and high degree of strain due to induced crystallkation. 
Since the tread rubber compounds of truck and bus tire - usually prepared by NR - 
contested with earth surface under high stress, it must have high toughness to maintain 
its shape and elastic property under huge load and dynamic stress. Table 5 showed the 
reinforcing effect of networked silica on NR compounds. The test results of the rubber 
compound composed of SBR were also listed for comparison. 
[101] The RV-1 rubber compound reinforced with silica without any coupling reagents 
showed too long t ^time to cure it in proper processing time. The addition of the 
coupling reagent, however, was effective to enhance cure rates, to obtain properly 
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cured rubber compound economically. The coupling reagent was also effective to 
enhance the tensile strength of the rubber compound composed of NR as like that of 
SBR: the tensile strength of the RV-2 rubber compound was 29.1 MPa much higher 
than that of the RV-1 rubber compound 21.3 MPa. The tensile strength of the RV-3 
rubber compound reinforced with the Af-GP(1.C}AP(1.Q)-SIL networked silica was 
higher than that of the RV-2 rubber compound, indicating that networked silica was 
also effective for NR to improve its tensile strength as like as SBR. A high tensile 
strength of the RV-3 rubber compound compared with the RV-2 rubber compound 
indicated that the networked silica was a powerful reinforcing material for NR even 
without use of coupling ^reagent SR>9~ 
[1 02] Table 5 . Cure and tensile properties of NR compounds reinforced with networked 
silica. 
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Rubber compound 


RV-1 


RV-2 


RV-3 


RV-4 


Composition (phr) 










SBR* 


- 


- 


- 


137.5 


NR B 


100.0 


100.0 


100.0 


- 


Additive group 1 


10.0 


10.0 


10.0 


10.0 


Silica 


50.0 


50.0 


- 


- 


Coupling rcagenf 


- 


4.0 


• : 


- 


Networked silica 11 


• 


- 


50.0 


50.0 


Que characteristics 










mm torque (J) 


3.05 


1.05 


1.70 


2.02 


max torque (J) 


6.79 


532 


4.S6 


3.95 


t* (min) 


9J 


8.4 


3.1 


3.8 


fpo (min) 


315 


14.7 


10.7 


26.7 



Processibility 

Mooney viscosity 
Tgs (min) 
Tjs (min) 



80.8 
8J 
10.0 



31.4 
10.5 
13.2 



156 



114 



1.2 

7.8 



6.3 



Hardness (IIS A) 



70 



71 



62 



56 



Tensile property 



Modulus (MPa) 

100% 

300% 
Tensile strength (MPa) 
Elongation at break (%) 



159 
4.72 
213 
659 



3.44 
12.45 
29.1 
556 



2.41 
14.02 
31.3 
532 



1.84 
7.85 
19.7 
560 



[103] 
[104] 

[105] 
[106] 
[107] 



oil-extended SBR (oil content = 37.5 phr), 
b natural rubber, 
c Si-69, 

d W-GP(l.Cf)AP(l.q)-SIL networked silica. 
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[108] Example 8. The control of.cure rates of rubber compounds reinforced with 
networked silica: 

[109] Since the tensile property of rubber compounds is funcfaneniaUy based on the 

cured structure of rubber molecules, their cure rates are very important to obtain high 
tensile strength and toughness. Homogeneous crosslinking density of cured rubber 
compounds disperses loaded stress equally to all directions, sustaining them to resist 
even under high strain. Networked silica has highly valuable reinforcing performance 
to rubber compounds, but its extraordinary acceleration of curing rates limits its ap- 
plication to practical aspect Too short scotch times of rubber compounds causes 
uneven distribution of crosslinking density and poor tensile property. 
[1 10] Networked silica is produced through various condensation reactions between 
amine and glycidyl groups, between mercapto and chloride groups, etc. Most of the 
functional groups are combined with others on the surface of silica, but a part of them 
must be remained to be non-reacted because of the steric hindrance of solid silica 
particles. The rapid cure rates of rubber compounds reinforced with networked silica 
uas attributed to the relatively large amount of non-reacted functional groups such as 
anine, glycidyl, mercapto, and chloride groups thereon. Therefore, the quantitative 
formation reaction of bridge chains nuiumizes non-reacted functional groups on 
networked silica and a negligible acceleration to the cure rates by adding networked 
silica will be observed. However, there is an actual limit to increase the extent of the 
-foncation reaction, so a fuitlici treatmenrof non-reacted functional groups is required 
to inactivate them in curing process. 
-[I l l] Tair6lhowed the effect of further xid treatment to networked silica on the cure 
and tensile properties of rubber compounds reinforced with them. The cure rate of the 
RVI-2.rubber compound con&ining the coupling reagent Si-69 was slightly higher 
than that of the RVI-1 rubber compound reinforced with silica only, indicating that the 
coupling reagent also enhances the cure rate of rubber compounds. The cure rate, 
Jiowever.was^ry^ 



GPp.4)AP<p.4)-SIL networked silica: t ^time denoting the time required for 50% cure 
«as very short 2.1 min for the RVI-3 rubber compound, while that uas 9. 1 min for the 
RVI-2 rubber compound reinforced with silica and the coupling reagent. E'en though 
the tensile properties of the RVI-3 rubber compound, especially tensile strength and 
elongation at bre*, were much better than those of the RVI-2 rubber compound, the 
extremely rapid cure limits the practical application of networked silica to prepare 
large rubber compounds requiring a high degree of homogeneity. 
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[112] An acid treatment is a suiririe method for networked silica to reduce its ac- 
celeration of cure process when it is added to rubber compounds. Hie RVI-4 rubber 
compound containing the iv*-GP<p.4)AP(P.4)-SIL networked silica treated with acetic 
xid showed a slighdy lowered cure rate compared to the RV1-3 rubber compound 
reinforced with the non-treated networked silica, t rime increased considerably at 
11.2 min on the RVI-5 rubber compound reinforced with the dichloroacetic acid 
trealed ^-GP?).4)AP(p.4)-SIL networked silica. / time, achieving 90% cure con- 

90 

siderably extended at 17.0 min by treating the networked silica with dichloroacetic 
acid, suggesting the possibility of cure rate control by acid treatment. Acids combined 
with non-reacted amine groups of networked silica, reducing its acceleration effect 
However, the treatment of dicholoacetic acid caused a significant lowering of tensile 
strength, and thus, the strength and amount of acid used in the treatment for the neu- 
tralizing remained amine groups should be carefully determined according to the type 
and amount of non-rexted functional groups. 

Hexamethylene amine is also effective to reduce the remained non-reacted glycidyl 
groups and hexamethylene chloride helps to neutralse the non-reacted amine groups. 
Since these materials can be removed after neutralizing reaction, the contribution of 
non-reacted functional groups to cure characteristics can be nunimized effectively by 
using these functional materials in spite of the strong acid treatment 

Table 6. Cure and tensile properties of rubber compounds reinforced with acid- 
treated networked silica 



Rubber compound RVI-1 RVI-2 RVI-3 RVM RVI 

Reinforcing system 

Silica 50 

Silica + S1-69 . 50 _ 

AK5P(0.4)AP(0.4)-SIL 50 

w-GP(o:4)AP(o:4):sir: 

AA(0.2)' 50 
AMjP(0.4)AP(0.4)-SIL 

DCAA(0.2) b " ' " 50 
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Our characteristics 
min torque (J) 
max torque (J) 
t 2 (min) 
tsa (nrin) 
ho (min) 



0.90 
1.82 
3.1 
52 
18.0 



0.57 

1.98 

6.4 

9.1 

14.2 



0.55 
1.45 
IJ 
2.1 
10.5 



0.61 

1.53 

3.1 

4.1 

6.4 



0.57 
1.58 
9.4 
11.2 
17.0 



Hardness (JIS A) 



62 



56 



58 



58 



59 



[115] 

[117] 

[118] 
[119] 



[120] 



Tensile property 
Modulus (MPa) 
100% 
300% 
Tensile strength (MPa) 
Elongation at break <%) 



1.28 
3.79 
21.7 
862 



1.77 US 

6.60 3.93 

18.6 22.5 

578 797 



1.17 1.15 

3.67 3.29 

24.1 18.6 

829 792 



1 treated with acetic and, 

b treated with dichloroacetic acid. 



Example 9. High dispersion of networked silica in rubber compounds: 
High reinforcing performance of silica can be expected when its particles are 
highly dispersed in rubber compounds, because the reinforcing is caused by the in- 
teraction between rubber molecules and silica particles. If silica particles present in 
-rubbeFas^gregatefr^ft^so- 



of silica into rubber compounds brings about a negative contribution to their tensile 
property. Therefore, the high dispersion of silica is essentially required to xhieve their 
high tensile property. 

Networked silica is hydrophobic due to combined organic materials on its surface, 
while parent silica is hydrophilic due to its plenty of silanol groups. Hydrophobicity of 
networked silica enhances the miscibility of silica particles with organic rubber 
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molecules. Furthermore, a brge amount of openings fanned among silica particles by 
bridge chains allowed easy intrusion of rubber molecules, expecting better dispersion 
of networked silica than that of silica. 
[1211 Figure 2 showed photos of the cut surface of the RIV-1, RIV-2 and RIV-5 rubber 
compounds described in Table 4. Large white spots ascribed by silica aggregates were 
clearly observed on the RIV-1 and RIV-2 rubber compounds. The dispersion of silica 
particles was slightly enhanced on the RIV-2 rubber compound due to the contribution 
of the coupling reagent by forming chemical bonds between rubber molecules and 
silica particles. On the other hand, the RIV-5 rubber compound reinforced with the N - 
GP(1.Q)AP(1.Q}-SIL networked silica did not show any aggregates of silica particles, 
suggesting its high dispersion. The extraordinary high dispersion of networked silica in 
rubber molecules can be expected from its network structure of silica aggregates and 
hydrophobic surface nature, comparing to the conventional (silica + coupling reagent) 
reinforcing system. 

[122] Surface modification of silica with alkoxy sifane and the network formation of 
bridge chains among silica particles cause the enlargement of pore opening of silica. 
Pore size distributions of silica and networked silica deduced from their nitrogen 
adsorption isotherms represent the changes in their pore structure by introducing 
network structure among silica panicles. Table 7 listed surface areas and average pore 
diameters of parent silica, silane-coupled silica and networked silica. The decrease in 
the surface area of silica by sihne coupling was attributed to the blocking of 

micropores-by-silane^sc-t^ 

significant. The 7v*-GP(0.4)AP(P.4)-SIL networked silica did not have the surfxe area 
due to micropores, suggesting a complete blocking of micropores. On me other hand, 
average pore diameters of silica increased with silane coupling. The more interesting 
thing was that the average pore diameter calculated from the adsorption branches of 
nitrogen adsorption isotherms was considerably larger than those calculated from the 
desorption branches. In general, desorption branches of the isotherm represent the 

entrances of pores, because pores are filled with adsor bate at the storting condi tion fnr 

desorption. On the other hand, the adsorption branches are sensitive to pore space 
because adsorbate is adsorbed on the surface of empty pores. Therefore, the increase in 
pore diameter, especially that determined from the adsorption branches clearly 
indicates the gradual expansion of voids surrounded with silica particles by the silane 
coupling and network formation. The relatively small increase in the pore diameters 
determined from the desorption branches supposes that the large voids are connected 
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with small openings.The networks formed among silica particles enlarged the pore 
openings, nriting easier intrusion of rubber molecules into voids, resulting in better 
dispersion. These results mean that voids surrounding silica particles expands with the 
silane coupling, but further enlargement is caused by the formation of networks among 
silica particles. 

[123] Table 7. Surface area and average pore diameter of silica, sifane-coupled silica and 
networked silica 

Sarfece area (m 2 /g) Average pore diameter (am) 

from from 
BET External 3 Micropore 11 desorption adsorption 



~f)T3DcE Draoco" 



Silica 


165 


133 


32 


25.1 


28.8 


GP(0.4)-SIL 


150 


156 




25.3 


29.9 


AP(0.4)-SIL 


137 


130 


7 


26.2 


32.6 


Af-GP(0.4)AP(0.4)-SIL 


145 


146 




27.5 


34.1 



[124] a measured from f-plot, 
[125] b calculated by BJH method. 

[126] 

Industrial Applicability 

[127] As the invention described above in detail , 1 ) the application of networked silica to 

rubber compounds brought about considerable increases in tensile strength and 
elongation at break compared to those of the rubber compounds reinforced with silica 
and coupling reagents, while the increase in modulus was not significant, 2) the 
addition of networked silica strengthened rubber compounds and reduced abrasion, 3) 
the networked structure and hydrophobic surface of networked silica provided ex- 
cepdonal dispersion of silica particles in rubber compounds, and 4) the stable structure 
of networked silica and the close interaction among silica particles and rubber 
molecules result in high thermal stability. B/en though the rapid increase in the cure 
rates of rubber compounds due to the addition of networked silica is not desirable 
results, post-treatments of it with acid, anine, and epoxy materials or the addition of 
retarder into rubber compound can control cure rates up to proper levels. Furthermore, 
the amount of required silane for the preparation of networked silica is much smaller 
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than the conventionally added sihne to rubber compounds as coupling reagents, 
suggesting the reduction of chemical expenses by introducing networked silica. The 
number of sifanol groups on the surface of networked silica - the adsorption sites of ac- 
celerators and activators - was considerably small compared to those on silica, and 
thus, the required amount of chemicals for proper cure rate and crosslinking density 
could be reduced. The application of networked silica to rubber compounds, in 
surnrmry, enhances their tensile properties and dispersion of silica accompanying with 
reducing the costs for chemicals. Increased mixing step and low mixing temperature, 
demerit of silica as a reinforcing material even with sifane coupling reagents can be 
improved by using networked silica, reducing the processing cost of rubber 
compotmdsTAlsb environmental problem caused by the forrmtion alcohoTat^e 
reaction between silanol group of silica and alkoxy group of sihne during mixing, can 
be eliminated by using networked silica. 
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